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EXPERIMENTAL INVESTIGATION OF THE PERFORMANCE OF VORTEX 
GENERATORS MOUNTED IN THE SUPERSONIC PORTION 
OF A MIXED-COMPRESSION INLET 
by Glenn A. Mitchell 
Lewis Research Center 

SUMMARY 

Vortex generators were investigated as a means of boundary -layer control in the 
supersonic portion of a mixed-compression inlet. The generators were located on the 
inlet centerbody ahead of the cowl shock impingement point, aft on the centerbody ahead 
of the throat, and on the cowl ahead of the throat. The test was conducted in the Lewis 
10- by 10-Foot Supersonic Wind Tunnel at a Mach number of 2. 5. 

Either with or without throat bleed the vortex generators were unable to produce 
inlet peak recovery levels as high as those available with a good boundary -layer bleed 
system. Generators placed on the inlet centerbody ahead of the cowl shock impingement 
point degraded the unbled boundary layer and decreased inlet total -pressure recovery by 
1 percent. Generators aft of this centerbody location but ahead of the inlet throat im- 
proved the unbled boundary layer. Total-pressure recovery was increased about 1 per- 
cent and distortion was reduced about 1 percent. These gains were realized only at con- 
ditions where the inlet terminal shock was capable of causing the turbulent boundary 
layer to separate. 

Cowl and aft centerbody vortex generators in combination with throat bleed reduced 
the inlet total-pressure recovery as much as 3. 5 percent. Bleed regions immediately 
aft of vortex generators degraded the vortex flow field. 

Centerbody vortex generators ahead of the inlet throat were incapable of providing 
effective control of the subsonic -diffuser boundary layer. 


INTRODUCTION 

Inlets of conventional design rely on bleed to remove the low-energy boundary layer 
ahead of the throat and obtain acceptable levels of inlet pressure recovery. A proposed 



alternate method of boundary -layer control would use vortex generators to energize 
rather than remove the inlet throat boundary layer. If successful, the advantages of re- 
ducing or eliminating the bleed flow would be to decrease inlet drag and to decrease in- 
let size. For proper operation, these vortex generators must be placed forward of the 
point requiring boundary -layer control. Thus to control the inlet throat boundary layer 
the generators must be located in the supersonic portion of the inlet. 

Most of the past experimental tests with vortex generators have been conducted at 
subsonic speeds. Reference 1, however, reports results obtained with vortex genera- 
tors operating in both subsonic and supersonic flow. In that investigation vortex gener- 
ators were installed immediately downstream of the inlet throat on the centerbody of an 
axisymmetric inlet. The generators increased diffuser pressure recovery and reduced 
distortion by injecting high-energy air into the normally retarded flow region adjacent to 
the centerbody. This boundary -layer control continued during supercritical inlet oper- 
ating with the generators operating upstream of the inlet terminal shock in supersonic 
flow. References 2 and 3 also report the ability of vortex generators to control 
boundary -layer and shock interaction while operating in supersonic flow. 

An experimental test program was conducted in the Lewis 10- by 10-Foot Supersonic 
Wind Tunnel to determine the performance of vortex generators placed in supersonic 
flow forward of the throat of a mixed-compression inlet. The Mach 2.5, 40-percent- 
internal-contraction inlet of reference 4 was chosen as the test vehicle. Three vortex 
generator locations within the inlet were selected for study: (1) a forward centerbody 
location to control the interaction of the cowl -lip -gene rated oblique shock and the center- 
body boundary layer; (2) an aft centerbody location to control the terminal-shock and 
centerbody -boundary -layer interaction; and (3) a cowl location to control the terminal- 
shock and c owl -rboundary -layer interaction. 

The performance of the vortex generators , in terms of energizing the boundary 
layer and improving the inlet pressure recovery, was determined initially without inlet 
throat bleed and finally in combination with throat bleed. The test was conducted at 
Mach 2. 5 and a Reynolds number of 3. 88x10 based on inlet cowl lip diameter. 

SYMBOLS 

AR ' 
c 
h 
M 

m/m Q 


aspect ratio 

airfoil chord, cm 

vortex -generator height, cm 

Mach number 

mass -flow ratio 


2 



p 


2 

total pressure, N/m 

5 spacing between sets of divergent vortex-generator pairs , cm 

s spacing between airfoils of a converging or diverging vortex -generator pair, cm 

t maximum airfoil thickness, cm 

6 boundary -layer height, cm 

6 £ cowl-lip-position parameter, tan"* l/(x/R) 

Subscripts: 
by bypass 

con converging vortex generators 

div diverging vortex generators 

l local 

max maximum 

min minimum 

0 free stream 

5 diffuser exit station 

Superscript: 

— average 


APPARATUS AND PROCEDURE 
Inlet Model 

The inlet used in this investigation was an axisymmetric mixed-compression type 
designed for Mach 2. 5. At this speed, 60 percent of the supersonic flow area contrac- 
tion was external and 40 percent was internal. The inlet was attached to a cylindrical 
nacelle 0.635 meter in diameter in which a J85-GE-13 engine or a coldpipe choked-exit 
plug assembly could be installed. For this study only the coldpipe was used. Complete 
details of the inlet design and performance are given in reference 4. 

At the design Mach number of 2. 5 and a free-stream temperature of 390 K, the inlet 
matched the J85-GE-13 engine corrected airflow requirement of 15.83 kilograms per 
second by supplying to the engine 88.6 percent of the capture mass flow at a total- 
pressure recovery of 0.90. This resulted in an inlet capture area of 0. 1758 square 
meter. Of the remaining inlet flow, 6 to 7 percent was allotted for performance bleed, 
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4 percent for engine cooling air, and the rest for overboard bypass flow which could be 
varied for terminal shock position control. 

The inlet featured a bicone centerbody which utilized half -angle cones of 10° and 
18. 5° to provide the external compression (f-ig. 1). In concept, the two-cone design 
would require that the contraction ratio be varied by collapsing the second cone. But to 
simplify the mechanical design of the test inlet, the contraction ratio was varied by 
translating the centerbody rather than by collapsing the second cone. The initial internal 
cowl angle was 5°. The internal oblique shock generated by the cowl lip was theoreti- 
cally canceled at the centerbody impingement point by a turn of the surface. The re- 
maining compression of the flow to a throat Mach number of 1 . 3 was isentropic and was 
distributed over a distance of 0.4 of the inlet capture radius or 0.0946 meter. 

The subsonic diffuser consisted of an initial throat region 4 hydraulic radii in length 
with a 1° equivalent conical expansion followed by the main diffuser. The diffuser just 
downstream of the throat was mated to an existing subsonic diffuser (ref. 5). Because 
of differences in throat radii between the inlet of reference 5 and the inlet selected from 
reference 4 for this test, a relatively sharp curve in the cowl contour was required at 
the diffuser mating location. The overall design length, cone tip to compressor face, 
was 7. 88 cowl lip radii. 

The aft portion of the subsonic diffuser contained three hollow centerbody support 
struts which were used to duct the centerbody bleed flow overboard and which divided the 
duct into three compartments back to the engine face. The diffuser also included two 
bypass systems: a high-response overboard system for shock position control, and a 
low-speed valve to control secondary flow through the nacelle for engine cooling (fig. 1). 
The duct entrance into the bypass plenum contained louvered segments, as used in ref- 
erence 4, to minimize plenum resonance. 


Vortex Generators 

The vortex generators selected for this test and placed in the supersonic portion of 
the inlet were designed by using information obtained mainly from reference 2. Both 
rectangular and triangular generators were tested in that investigation at Mach numbers 
as high as 1. 35. Rectangular generators were selected for the present test. Rows of 
generators were placed within the inlet at the locations shown in figure 2. Placement 
of the generators conformed as closely as possible to a criterion of reference 2 which 
required that the generators be placed approximately 24 boundary-layer heights forward 
of the shock and boundary -layer interaction point for the best performance. Actual 
placements were as follows. The forward centerbody vortex generators were about 
28 boundary -layer heights forward of the cowl oblique shock impingement point. The aft 
centerbody generators were about 20 boundary -layer heights forward of the inlet throat, 
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which is the location of the normal shock at critical inlet operation. The cowl vortex 
generators were located without knowing the cowl boundary -layer height in the region 
of interest. However, it is estimated that the cowl generators are in excess of 
24 boundary -layer heights forward of the inlet terminal shock. Placement of the center- 
body generators in the subsonic diffuser was identical to that of reference 4. The theo- 
retical local Mach numbers at which the supersonic vortex generators of the present test 
operated ranged from 1. 58 for the cowl generators to 2.00 for the forward centerbody 
generators (fig. 2). 

Figure 3 shows the spacing of the vortex generators used at each of the locations 
shown in figure 2. All the generator configurations are listed in table I and all those 
having generators at 9° angle of attack are shown photographically in figure 4. Figure 5 
presents the planform and cross section of the generators used at each inlet location and 
shows the relative size of each. All the spacings shown in figure 3 were measured from 
the generator midchord. For each configuration, the generators were arranged in di- 
verging pairs with each generator set at the selected angle of attack and the flat surface 
facing upstream. This arrangement produced a system of counter-rotating vortices. 

There were two spacing arrangements tested using the forward centerbody vortex 
generators. Configurations FCB-18 and FCB-9 used the first arrangement. This was 
the even spacing normally used with vortex generators (fig. 3(b)). In the second ar- 
rangement (configuration UFCB-18) the generators were spaced unevenly as shown in 
figure 3(c). To accomplish this, the spacing of adjacent diverging generators was re- 
duced and the spacing of adjacent converging generators was increased. This arrange- 
ment theoretically increases the downstream range of effective vortex action (refs. 1, 

6, and 7). In designing the generators, the spacing of all the vortex -generator configu- 
rations was related to the generator height h. The relative heights are shown in fig- 
ure 5. For the evenly spaced configurations the spacing between adjacent generators s 
ratioed to the generator height h was maintained between 3.6 and 4. 1. The exact 
spacing -to-height ratio for each configuration is given in table I. 

Another variable tested using the forward centerbody generators was the generator 
angle of attack. Although reference 2 suggested 18° as an optimum angle (configuration 
FCB-18), a smaller angle of 9° was also investigated with configuration FCB-9. The 
lesser angle would reduce the strength of the vortices but would also reduce the airfoil 
drag (ref. 8). This angle variation was also tested using the aft centerbody generator 
configurations SACB-9 and SACB-18 (table I). The optimum angle of 16° used with the 
subsonic vortex generators in references 1 and 4 was unchanged. 

Two sizes of generators were tested at the aft centerbody generator location. The 
spacing arrangement of the smaller configurations, SACB-9 and SACB-18, is shown in 
figure 3(d) and that of the larger configuration LACB-9 in figure 3(e) . As these figures 
and table I indicate, the change in size was made without changing the generator spacing - 
to-height ratio. Based on information available primarily from references 2 and 3, the 
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vortex -generator height that might yield optimum performance was selected to be about 
1.2 times the boundary -layer height. The larger height ratio of 2.4 used at the aft 
centerbody location would theoretically increase the downstream range of vortex action 
at some loss in overall effectiveness due to the increased height of the vortex from the 
surface. All the other configurations except the cowl vortex generators (configuration 
C-9) were the optimum height. The cowl boundary -layer height had not been previously 
determined and the cowl generators were made the same size as the forward centerbody 
generators (table I). 

The cross-section and design details of each vortex generator used in the super- 
sonic portion of the inlet are shown in figures 5(a) to (c). The three generators shown 
are identical except for size. The downstream surface of each generator was a three- 
straight-line approximation of the surface of an NACA 0012 airfoil. The upstream sur- 
face was the original airfoil mean-camber line (a straight line in this instance) . This 
design approximated the vortex -generator cross section used in references 1 and 4. 
Generator thickness -to-chord ratio was 0.06. An aspect ratio of 1.0 was used for these 
supersonic generators as suggested by reference 2. 

The subsonic generators used in the inlet diffuser were identical to those used in 
reference 4. The airfoil aspect ratio of 0.5, the thickness -to-chord ratio of 0.06, and 
the airfoil cross-section shape as shown in figure 5(d) were unchanged from the initial 
design in reference 1 . 


Instrumentation 

Total -pressure rakes were positioned in the inlet to measure the performance of the 
variously placed vortex generators (fig. 6). Forward centerbody rakes were located to 
detect vortices produced by the forward centerbody vortex generators (fig. 6(a)). Simi- 
larly, cowl rakes were located to detect vortices from the cowl generators. The throat 
rakes would also be able to detect vortices, except those produced by the forward cen- 
terbody generators. Vortices from the forward centerbody generators would dissipate 
before reaching the throat rake location. As shown in figure 6(b) several rakes were 
installed at each axial rake position. The circumferential positions of each set of rakes 
were carefully chosen to eliminate mutual interference and, most importantly, to mea- 
sure the pressures in the vortex fields 'aft of both diverging and converging generator 

pairs for all possible configurations. 

Figure 7 shows the compressor-face pressure instrumentation (station 5). The 
overall diffuser total-pressure recovery was determined from rakes 1 to 6, which were 
area weighted. The additional measurement by rake 7 was included in the distortion 
calculations . 
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Inlet Bleed Configurations 


/ 


The perforated bleed areas indicated in figure 1 were designed to control the inlet 
throat boundary layer, as reported in reference 4. The rows of holes comprising 
each bleed region are indicated schematically in figure 8(a) . The basic bleed hole pat- 
tern of each of the bleed regions was obtained by staggering alternate rows of 0. 3175- 
centimeter-diameter holes. This basic pattern is illustrated by the completely open 
cowl bleed pattern used in bleed configuration 1, as shown in figure 8(b). Bleed pat- 
terns were varied from this arrangement by filling selected bleed holes. The resulting 
three bleed configurations used in this investigation are shown in figure 8. Inlet per- 
formance resulting from the use of bleed configurations 2 and 3 is reported in refer- 
ence 4. 

The cowl bleed airflows were discharged overboard through the exits shown in fig- 
ure 1. The exits had a 20° discharge angle relative to the external surface. Airflows 
from the centerbody bleed areas were discharged into a single plenum and then directed 
through the hollow centerbody support struts to 30° louvered exits. All exits were sized 
large enough to ensure choking of the bleed holes. 


Test Procedure 

Performance of vortex -generator configurations mounted at the forward centerbody 
location and at the aft centerbody location were first determined with no centerbody bleed 
(bleed configuration 1). During these tests and during testing of a control configuration, 
which used neither generators nor centerbody bleed, an excessive amount of cowl bleed 
was needed to ensure started inlet operation at the design centerbody position. Later 
tests determined the performance of the cowl and aft centerbody vortex generators in 
combination with the realistic bleed configurations 2 and 3. The centerbody vortex gen- 
erators in the subsonic diffuser remained in place throughout these tests. These were 
finally removed when large supersonic vortex generators were tested at the aft center- 
body position as an alternate method of diffuser boundary -layer control. 


DISCUSSION OF RESULTS 

Performance of Vortex Generators at Forward Centerbody Location 

with Bleed Configuration 1 

Figures 9 to 11 present pitot -pressure boundary -layer profiles measured by the for- 
ward centerbody rakes. The profiles generated by the flow fields aft of the three forward 


7 



centerbody vortex -generator configurations are shown compared to the profiles measured 
without the generators installed. Each profile is labeled with the type of generator pair 
(converging or diverging) located upstream of the rake. The lateral position of each rake 
(relative to the vortex generators) is shown for each profile as a fraction of the distance 
between generators. For example, the fraction 1/2 would mean that the rake was posi- 
tioned midway between two generators . 

All the forward centerbody vortex -generator configurations produced active vortex 
flow fields (figs. 9 to 11). Each configuration injected high-energy air into the boundary 
layer aft of diverging generator pairs. Lower energy air was observed in the boundary 
layer aft of converging generator pairs. However, the boundary -layer degradation (or 
energy removal) aft of the converging pairs seemed greater than the energy injection aft 
of diverging pairs, especially for the evenly spaced configurations FCB-18 and FCB-9. 
The figures also show that a good boundary -layer profile existed aft of the cowl shock 
impingement point without boundary -layer control. Thus the generators were being re- 
quired to energize a relatively good boundary layer which exhibited no adverse effects of 
the shock impingement. 

The throat-exit-rake pressure profiles produced by all three forward centerbody 
vortex -generator configurations showed that each configuration degraded rather than 
energized the boundary layer. These data are presented in figures 12 to 14. Direct 
comparisons of the pitot profiles were meaningful at this location because the vortices 
had largely dissipated. Reference 1 reports that a distance of 8 generator pair spacings 
S was required for vortex dissipation. The distance from the forward centerbody gen- 
erators to the throat exit rakes was 10. 4S for the evenly spaced configurations. For 
configuration UFCB-18 the distance (based on a converging pair) was only 7S and some 
expected evidence of vortices still remained (fig. 14). 

The inlet performance at peak recovery conditions for each of the three generator 
configurations is compared in figure 15 with the inlet performance without the vortex 
generators installed. The data are plotted against the cowl-lip-position parameter 9 ^ . 
All the generator configurations produced a loss in inlet total-pressure recovery, as ex- 
pected after viewing figures 12 to 14. The configuration having the lowest generator 
angle of attack, FCB-9, the concomitantly the lowest drag (ref. 8), produced the small- 
est recovery loss - ranging from 0.005 to 0.010. The 18° -angle -of -attack configura- 
tions suffered 0.010 to 0.015 losses in recovery. The use of the forward centerbody 
generators also decreased the amount of internal inlet contraction permissible without 
causing unstart. This loss is illustrated in figure 15 by the reduction in the right limit 
of each vortex -generator curve. The trends generally follow the recovery loss trends. 
Without generators, inlet bleed configuration 1 allowed the centerbody to be retracted to 
a cowl-lip-position parameter 9 ^ of 25.49°. The 9°-angle-of -attack generators re- 
duced this to a 0 £ of 25. 24°, and the uneven 18° generator configuration reduced the 
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attainable 9 ^ to 24. 82°. The forward centerbody vortex-generator configurations had 
no significant effect on distortion. 

Two factors may have contributed to the poor performance of the forward center- 
body generators: (1) the relatively good boundary layer prior to the use of generators; 
and (2) the relatively high Mach number of 2.00 at the generator location. Reference 3 
reports that increasing the supersonic Mach number lowered the generator performance 


Performance of Vortex Generators at Aft Centerbody 
Location with Bleed Configuration 1 

Because the vortices from the forward centerbody vortex generators were largely 
dissipated before reaching the inlet throat, they could not control the terminal-shock and 
boundary -layer interaction. Vortex generators for this purpose were placed at the aft 
centerbody location. As the throat-rake pitot-pressure profiles of figures 16 and 17 
show, all three aft generator configurations produced active vortices that persisted to 
the throat and through the terminal shock (fig. 17). (The distance from the generators 
to the throat exit rakes was well below the dissipation distance of 8S.) The aft center- 
body generators were able to improve the boundary layer directly aft of the diverging 
generator pairs (figs. 16(a) and 17(a)) . The boundary layer aft of the converging pairs 
was not in all cases as degraded as with the forward centerbody generators . The small 
aft generator configurations were pumping high-energy air, from aft of diverging pairs, 
along the vortex path and into the lower boundary layer aft of the converging generator 
pairs. Compare figure 9(c) with figures 16(b) and 17(b) and examine, for example, the 
pressures recorded by the probe next to the wall. The 18°-optimum-angle-of -attack 
generators (SACB-18) were more effective than the 9° generators (SACB-9) in pumping 
high-energy air into the lower boundary layer. This indicated that the 18° generators 
were, in this instance at least, producing the expected stronger vortex than the 9° gen- 
erators. The large aft center body generators (LACB-18) were the least effective con- 
figuration in energizing the boundary layer. 

The effects of these aft centerbody generator configurations on inlet performance at 
peak recovery conditions are presented in figure 18. Near the design contraction ratio 
(cowl -lip-position parameter 6 ^ of 25.28°), the use of generators having the optimum 
design height (h/6 of 1.2) had little effect on the inlet total-pressure recovery. The in- 
stallation of larger generators (h/6 of 2.4), however, reduced the recovery by 0.015. 
This was somewhat anticipated in view of the boundary -layer data (figs. 16 and 17) and 
the results of reference 9, which reported that using one-half the number of double- 
height generators would cause a 50-percent increase in the generator system drag. At 
smaller inlet contraction ratios ( 8 ^ less than 25°) the installation of the optimum -height 
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generators increased the inlet total-pressure recovery about 0.01. Also the recovery 
loss at design conditions resulting from the use of the larger generators was reduced by 
decreasing 6 ^. 

The vortices produced by the aft centerbody vortex -generator configurations also 
modified the inlet distortion levels. At a cowl-lip-position parameter 6 ^ of 25° and 
above, all the aft generator configurations increased distortion. At design 6 ^ , distor- 
tion was increased about 1 percent. Below a 6 ^ of 25°, however, all aft generator con- 
figurations decreased distortion. A maximum reduction of 1 percent occurred at the 
smallest 6 ^ . The amount of internal contraction allowable without causing inlet unstart 
was only slightly reduced (from a 6 ^ of 25.49° to 25.38°) by installing the aft center- 
body generator configurations SACB-18 and LACB-9. The optimum-height, 9°-angle-of- 
attack generators did not change the allowable contraction. 

Enlightenment on these performance trends was gained from a detailed examination 
of the throat-rake pitot -pressure profiles obtained with a more open inlet throat (or a 
smaller 6 ^ (fig. 19)). A close examination of figure 19 and comparison with figure 17 
will reveal that the diverging generator pairs added more high-energy air to the boundary 
layer at the smaller 6 ^ than they did at the design 6 ^ . In addition, the boundary -layer 
degradation aft of converging generator pairs was less at the more open throat condition 
than at the design condition. Thus the recovery gain obtained by the smaller aft center- 
body generators appear to be caused by an improvement of the local boundary layer by 
the generators at the more open inlet throat conditions . 

This boundary -layer improvement was related to the effects of the terminal-shock 
and inlet -boundary -layer interaction. An empirical determination in reference 10, at 
test conditions similar to those of the present test, revealed that a shock-induced static- 
pressure rise of about 1.9 was required to cause boundary -layer separation. This would 
mean that shock -induced separation could occur in the present test if the inlet terminal 
shock occurred at a Mach number above 1.33. Figure 20 compares the pressure recov- 
ery obtained with each aft centerbody generator configuration with the recovery obtained 
without generators . Data are presented as a function of the Mach number at the terminal 
shock location. In figure 20(a) the Mach number was varied by changing the inlet internal 
contraction ratio. In figure 20(b), supercritical inlet operation varied the Mach number. 
The trends in figure 20 are clear. The optimum -height vortex generators improved the 
inlet pressure recovery when the terminal shock, occurred at .or. above, a Mach- number of - 
about 1. 34. It therefore seems evident that the optimum designed vortex generators im- 
proved local boundary layer when, and only when, the boundary layer was in incipient 
' separation in the throat region. Under conditions in which the boundary layer was not 
tending to separate in the throat, the generators only degraded the boundary layer. 
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Performance of Cowl and Aft Centerbody Vortex Generators 
in Combination with Throat Bleed 


For this portion of the test, the cowl and the small aft centerbody vortex generators 
were set at 9° angle of attack. These generator configurations were evaluated while 
using bleed configurations 2 and 3 (fig. 8). The performance of the inlet using these two 
bleed configurations is reported in reference 4. Both bleed systems utilized bleed on 
the forward cowl and forward centerbody. Bleed configuration 3 alone had aft cowl and 
aft centerbody bleed. 

The performance of the cowl vortex generators, as measured by the cowl rakes, is 
presented in figure 21 . These rakes were positioned just aft of the forward cowl bleed 
region (fig. 6). The term "alternate rake" referred to in figure 21 and in later figures 
identifies the rakes that were used on the inlet when bleed configurations 2 and 3 were 
installed without the supersonic vortex generators (ref. 4). These rakes were not the 
same rakes as were used when the inlet was tested with the generators installed. They 
were located at the same axial stations but at different c ire inferential positions. These 
dissimilarities, rake-to-rake variations in tap locations, and slight flow field asymmetry 
would then negate a comparison of minor rake-to-rake data variations as was made with 
figures 17 and 19. 

The pitot-pressure profiles of figure 21 show that the cowl vortex generators pro- 
duced almost no improvement in the boundary layer aft of the diverging generator pairs, 
but produced a large region of pressure deficiency aft of the converging pairs. The al- 
most total lack of boundary -layer improvement aft of the diverging generators was unex- 
pected. The aft centerbody generators of similar design, SACB-9, were operated at 
about the same local Mach. number as the cowl generators (fig. 2) and were able to inject 
higher energy air into the boundary layer (fig. 17). However, some degradation from the 
performance of the aft centerbody generators was expected with the cowl generators be- 
cause their height ratio h/6 was most certainly larger than the optimum value of 1. 2 
used for configuration SACB-9. The data of figure 21 can be explained if the porous cowl 
bleed region just aft of the generators was affecting the vortices produced by the cowl 
generators. With bleed configuration 2, this region removed 0.022 of the inlet capture 
mass flow, bleed configuration 3 removed 0.015 of the capture mass flow. The affected 
vortices persisted unchanged from the cowl rakes (fig. 21) to the throat rakes (see the 
upper part of fig. 22(a)) and were unchanged in crossing the normal shock (fig. 22(b)). 
These vortices were also unchanged in passing over the aft cowl bleed of bleed configura- 
tion 3. This is revealed by comparing figure 23 with figure 22 and noting that the cowl- 
side throat-exit pressure profiles are similar. Two conditions may explain why this 
bleed did not affect the vortices as did the forward cowl bleed. First, the aft bleed was 
much farther downstream of the generators than the forward cowl bleed and therefore was 
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not subjected to the same initial, and probably most intense, vortex flow field. Second, 
the amount of aft cowl bleed was smaller than the amounts of forward cowl bleed (the aft 
cowl bleed being 0.008m/mQ at peak conditions). 

The location of the aft centerbody vortex generators relative to the bleed areas of 
bleed configurations 2 and 3 can be seen by referring to figures 2 and 8. Unlike condi- 
tions on the cowl (where the first bleed region was located aft of the generators) the for- 
ward bleed region on the centerbody was ahead of the aft centerbody generators. Al- 
though the amount of forward centerbody bleed was small, being about 0.004m/m 0 , it 
would reduce somewhat the boundary -layer height encountered by the aft centerbody gen- 
erators. Some degradation in vortex generator performance might therefore be expected 
due to the resulting nonoptimum height ratio h/6. However, the data indicate that the 
vortex action was not significantly changed by bleeding in front of the generators. This 
seemed evident because the vortices produced by the aft centerbody generators and for- 
ward bleed combination (as reflected by fig. 22) were similar to those generated by the 
aft centerbody generators without the forward centerbody bleed (figs. 16 and 17). 

Bleed aft of the centerbody vortex generators was provided only by bleed configura- 
tion 3. This bleed region was much farther aft of the aft centerbody generators than the 
forward cowl bleed region was aft of the cowl generators (fig. 2). This is believed to be 
a significant factor in the bleed results to follow. With the inlet at supercritical condi- 
tions, the aft centerbody bleed of configuration 3 removed 0.016m/mQ. This amount of 
bleed was nearly the same as the amount removed by the forward cowl bleed, but it did 
not affect the vortex action produced by the aft centerbody generators as greatly as it 
affected the vortex action produced by the cowl generators. On the centerbody, the 
boundary -layer energy addition aft of the diverging generator pairs and the boundary- 
layer degradation aft of the converging generator pairs was of the same general magni- 
tude with and without the aft centerbody bleed (compare figs. 22(a) and 23(a)). At peak 
inlet conditions, the aft centerbody bleed removed a larger amount of flow (0.032m/mQ). 
This amount of bleed had a greater effect on the vortex action produced by the aft center- 
body generators. The result was that little high-energy flow was added to the uniform 
flow field aft of the diverging generator pairs. (Compare the 1/4-diverging curve in 
fig. 23(b) with the alternate -rake curve.) Compare this result with the greater energy 
addition aft of the diverging generators without the aft bleed (fig. 22(b)) . Aft of the con- 
verging generator pairs, the uniform flow was degraded more by the generators and the 
0.032-mass-flow-ratio bleed combination (i.e_. , configuration 3) than by the generators 
alone (configuration 2). 

It thus seems that when the vortex generators were located immediately upstream of 
a porous bleed region having about 0.020 mass-flow ratio removed (as with the cowl gen- 
erators), the vortex flow field was significantly degraded by the bleed. When the gener- 
ators were located at a more upstream position relative to the bleed region, as with the 
aft centerbody bleed and generators, larger amounts of bleed flow removal (0.032 mass- 
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flow ratio) were sustained before the vortex flow field was significantly degraded. 

A tentative explanation for the boundary -layer degradation observed when bleed was 
placed aft of vortex generators is that there was selective bleeding of the nonuniform 
flow field. It is possible that the porous bleed areas removed primarily higher energy 
flow from the lobes of the vortices as they approached the bleed surface and then injec- 
ted some of the low-energy air from the bleed plenum back into the external flow field at 
points where the vortices were directing flow away from the surface. In this hypothe- 
tical picture, there is an increase in the local surface static pressure just aft of diverg- 
ing generator pairs (where the higher energy lobes approach the surface) and a decrease 
in the surface static pressure just aft of converging generator pairs (where the vortices 
direct flow away from the surface). The degrading effects of bleeding in the vortex flow 
field might then be avoided by using a nonuniform bleed that was tailored to selectively 
remove only the lower energy air aft of the converging generator pairs. 

The performance of the inlet with cowl and aft centerbody vortex generators in com- 
bination with bleed configurations 2 and 3 is presented in figures 24 and 25, and com- 
pared with inlet performance with the bleed alone. Part (a) of each figure presents the 
performance at peak total-pressure recovery conditions, and part (b) presents the per- 
formance at the design cowl -lip-position parameter. When the generator configurations 
were installed in the inlet with bleed configuration 2, the peak total-pressure recovery 
was reduced by 0.01 to 0.02 over the tested range of cowl-lip-position parameter 8 ^ 

(fig. 24(a)). At the design 8 ^ , the peak recovery loss was 0.02 (fig. 24(b)). When the 
generators were installed in the inlet with bleed configuration 3, the peak pressure re- 
covery obtained over the 8 ^ range was reduced by 0.02 to 0.035 (fig. 25(a)). The re- 
covery loss at design 8 ^ was 0.025 (fig. 25(b)). By referring to figures 15 and 18 and 
comparing them to figures 24(a) and 25(a) , it becomes apparent that none of the genera- 
tor configurations tested with or without bleed could provide a peak inlet total-pressure 
recovery to match that obtained with a good throat bleed configuration. 

The distortion curves in the upper portions of figures 24(a) and 25(a) show that the 
effect of adding vortex generators to the inlet with bleed configuration 2 or 3 was rela- 
tively constant over the tested 8 £ range. A comparison of the absolute values of dis- 
tortion in figures 24(a) and 25(a), between the configurations with generators and the con- 
figurations without generators, would not be valid because the data obtained without gen- 
erators were also obtained without bypass flow whereas the data obtained with generators 
were obtained with bypass flow. Bypass flow in the amount used (0. 032m/mQ) signifi- 
cantly lowered distortion by controlling the boundary layer on the cowl side of the diffu- 
ser. Better distortion comparisons were available at the design 8 ^ condition (figs. 

24(b) and 25(b)) . The bypass flow variations shown on these figures did not noticeably 
affect distortion levels. The addition of the generators to the inlet with bleed configura- 
tion 2 increased the distortion at peak recovery conditions by 0.02 . With bleed configu- 
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ration 3 used in the inlet, installation of the generators increased distortion at peak by 

0 . 01 . 

At most supercritical inlet conditions above a total-pressure recovery of about 0.83, 
the installation of vortex generators in the inlet with either bleed configuration 1 or 2 
substantially increased distortion (figs. 24(b) and 25(b)). Without these "supersonic" 
vortex generators (i.e. , the cowl and aft centerbody generators), the distortion was low 
in this supercritical range because the subsonic -diffuser vortex generators located on 
the centerbody (fig. 2) were controlling the diffuser centerbody boundary layer. When 
the "supersonic" generators were installed in the inlet, the vortices from the aft cen- 
terbody generators trailed aft to the subsonic -diffuser vortex -generator station. Ac- 
cording to the vortex dissipation criteria of reference 1, the vortices produced by the 
aft centerbody generators would still be active at the diffuser generator station. The 
resulting interference with the diffuser boundary-layer control produced the distortion 
increase noted. In fact, the resulting curves are similar to those reported in refer- 
ence 4 where subsonic -diffuser generators were not used. 

Below a total -pressure recovery of about 0. 83, the inlet configurations without the 
"supersonic" vortex generators displayed a rapid rise in distortion (figs. 24(b) and 
25(b)). These distortion curves are typical of those in reference 4 obtained with diffuser 
vortex generators employed as a centerbody boundary -layer control. The distortion rise 
resulted from the change in terminal shock location relative to the subsonic -diffuser vor- 
tex generators. At the beginning of the rise, the terminal shock passed aft of the diffu- 
ser generator station and the generators remained effective in controlling the shock and 
boundary -layer interaction. As the shock continued aft the generators continued to ener- 
gize the retarded flow adjacent to the centerbody wall (but only when undisturbed by vor- 
tex flow from the "supersonic generators"). The better flow hugged the centerbody side 
of the duct and the flow on the cowl side tended to separate. This is opposite to results 
without centerbody generators in the diffuser or to results with "supersonic generators" 
forward of the centerbody diffuser generators. In these cases the best flow was near the 
cowl side and the flow on the centerbody side tended toward separation. This flow redis- 
tribution by the centerbody diffuser generators increased the distortion. Figure 26 shows 
this redistribution for an inlet configuration which used the diffuser vortex generators 
alone with bleed configuration 1. The ease with which the cowl-side flow tended to sep- 
arate may have been caused by the relatively sharp curve in the cowl contour at the dif- 
fuser mating location . However, as-already noted, -no cowl-side separation occurred 
when the centerbody diffuser generators were not installed (fig. 26) or when the "super- 
sonic generators" were forward of the diffuser generators. 


14 



Large Aft Centerbody Vortex Generators as a Diffuser 
Boundary-Layer Control 

As has just been discussed, vortex generators located in the inlet subsonic diffuser 
were capable of energizing the diffuser boundary layer. This result was also reported 
in reference 1 where the use of diffuser generators increased total -pres sure recovery 
and decreased distortion. A more forward location for generators intended to control 
the diffuser boundary layer might be more efficient because the terminal shock would 
always be downstream of the generator station. Accordingly, the large aft centerbody 
generators, LACB-9, were installed in the inlet and the diffuser generators were re- 
moved. The large generators were chosen because they would theoretically have a 
longer downstream range of effectiveness than the smaller generators. The results are 
shown in figure 26. The large generators at the aft centerbody position did not effec- 
tively energize the diffuser boundary layer. The cause of this failure may be, in part, 
that, based on the eight-pair spacing dissipation criterion of reference 1, the vortices 
produced by configuration LACB-9 dissipated midway through the subsonic diffuser 
whereas the vortices produced by the subsonic -diffuser vortex generators remained 
active over almost the whole diffuser length. 


SUMMARY OF RESULTS 

Vortex generators were installed in the supersonic portion of a mixed-compression 
inlet and studied as a means of throat boundary -layer control. Generators were placed 
at a forward centerbody location ahead of the cowl shock impingement point, at an aft 
centerbody location ahead of the inlet throat, and on the cowl at a location ahead of the 
throat. Performance of the centerbody generators was determined without centerbody 
bleed. The performance of cowl and aft centerbody generators in combination with inlet 
throat bleed was also determined. The test was conducted in the Lewis 10- by 10-Foot 
Supersonic Wind Tunnel at a free-stream Mach number of 2. 5 with the following results: 

1. With or without bleed, the "supersonic” vortex generators were unable to pro- 
duce inlet peak recovery levels as high as available with a good boundary-layer bleed 
system. 

2. Placement of vortex generators at a forward centerbody location to control the 
unbled -boundary -layer and cowl-shock interaction resulted in degradation of the boundary 
layer, a concomitant loss of about 1 percent in compressor -face total-pressure recovery, 
and a decrease in the attainable inlet contraction ratio. 

3. Placement of vortex generators at a more aft centerbody position, to control the 
unbled-boundary-layer and terminal-shock interaction, reduced distortion and increased 
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total-pressure recovery about 1 percent each, but only at the more open inlet throat con- 
ditions. These performance gains resulted from an improved boundary layer produced 
by the vortex generators . This improvement by vortex generators was limited to condi- 
tions where the inlet terminal shock was capable of causing separation of the turbulent 
boundary layer. 

4. Cowl and aft centerbody vortex generators in combination with selected inlet bleed 
configurations reduced by 1 to 3. 5 percent the inlet total-pressure recovery attainable 
with bleed alone. Distortion at peak recovery conditions was increased 1 to 2 percent. 

5. Locating bleed regions immediately downstream of vortex generators significantly 
degraded the vortex flow field. 

6 . The large aft centerbody vortex generators mounted forward of the inlet throat 
were unable to control the subsonic -diffuser boundary layer as effectively as do the gen- 
erators mounted aft of the throat in the subsonic diffuser. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, July 20, 1971, 

764-74. 
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TABLE I. - VORTEX -GENERA TOR CONFIGURATIONS 
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Figure 1. - Cross section of axisymmetric Mach 2.5 mixed-compression inlet. 


Axial distance from 
centerbody tip, cm 
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Figure 3. - Vortex -generator spacing arrangements. (All dimensions are in centimeters.) 
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(a) Cowl and forward centerbody vortex (b) Small aft centerbody vortex 
generators. Aspect ratio, AR = 1.0; generators. AR = 1.0; t/c = 0.06. 
thickness-to-chord ratio, t/c = 0.06. 


0. 18 
(c) Large 



0.015 rad- 



c = 2.54 


_ (d) S ubson ic-dif f u ser vortex generators.. AR = .0.5; .t/c = 0.06.- (Ref. -4.) 
Figure 5. - Vortex-generator designs. (All dimensions are in centimeters. ) 




Forward centerbody rakes, Cowl rakes, 75.95 centimeters Throat exit rakes, 87. 88 centimeters 

69. 09 centimeters from from centerbody tip from centerbody tip 

centerbody tip 

(b) Circumferential location of rakes, looking downstream. 

Figure 6. - Inlet rake instrumentation. 
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Rake 7 



Cowl 




Centerbody 


Tube radii 

—20. 338 
-19. 800 
-19. 249 
-18.098 
-16.201 

-14.054 

-11. 519 

-9.437 
— 8. 200 
-6.681 


o Total pressure probe 
• Static pressure tap 


Figure 7. - Compressor face (station 5) instrumentation, looking downstream. 
( all dimensions are in centimeters, unless noted. I 
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(b-1) Bleed configuration 1. 
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(b-2) Bleed configuration 2. 
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(b-3) Bleed configuration 3. 
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(b) Bleed patterns. 

Figure 8. - Inlet bleed configurations. Bleed hole diameter, 0.3175 centimeter. 
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Ratio of distance from centerbody to annulus height 



(a) Rake aft of diverging generator pair, 1/2 
position. 



(b) Rake aft of diverging generator pair, 1/4 
position. 




(a) Rake aft of diverging generator pair, 1/2 
position. 



(b) Rake aft of diverging generator pair, 1/4 
position. 



(c) Rake aft of converging generator pair, 1/2 
position. 

Figure 9. - Performance of forward centerbody 
vortex-generator configuration FCB-lBas 
measured by forward centerbody rakes. Cowl- 
lip-position parameter of 25.02°; bleed 
configuration 1. 


(c) Rake aft of converging generator pair, 1/2 
position. 

Figure 10. -Performance of forward centerbody 
vortex-generator configuration FCB-9 as 
measured by forward centerbody rakes. Cowl 
lip-position parameter 0^ of 25. 2^!°; bleed 
configuration 1. 
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(a) Rake aft of divering generator pair, 172 
position. 



(b) Rake aft of generator centerline. 



<c) Rake aft of converging generator pair, 1/3 
position. 


* Figure 11. - Performance of forward center- 
body vortex-generator configuration UFCB-18 
as measured by forward centerbody rakes. 
Cowl-lip-position parameter of 24. 82°; 
bleed configuration 1. 




tb> Rake aft of generator centerline. 


Figure 12. - Performance of forward center- 
body vortex-generator configuration FCB-18 
as measured by throat exit rakes, at super- 
critical inlet conditions. Cowl-lip-position 
parameter of 25.02°; bleed configura- 
tion 1. 


27 






Ratio of distance from centerbody to annulus height 



(a) Rake aft of diverging generator pair, 1/2 
position. 



(b) Rake aft of generator centerline. 


Figure 13. - Performance of forward center- 
body vortex-generator configuration FCB-9 
as measured by throat exit rakes, at super- 
critical inlet conditions. Cowl-lip-position 
parameter 0 f of 25. 24°; bleed configura- 
tion 1. 




/ (b) Rake aft of converging generator pair, 1/3 
position. 


Figure 14. - Performance of forward centerbody 
vortex-generator configuration UFCB-18 as 
measured by throat exit rakes, at super- 
critical inlet conditions. Cowl-lip-position 
parameter of 24. 82°; bleed configura- 
tion 1. 
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Vortex-generator 

configuration 

O No generators 
□ FCB-9 
O FCB-1S 
A UFCB-1S 




g i I i I I iv _ 1 
'24.4 24.8 25.2 25.6 

Cowl-lip-position parameter, 0j, deg 


Figure 15. - Effect of forward centerbody vortex- 
generator configurations on inlet performance 
at peak recovery conditions. Bypass mass- 
flow ratio m b y/mg of 0.032; bleed configura- 
tion 1. 


Vortex -generator Rake position 

configuration 


O No generators 
□ SACB-9 
O SACB-18 
A LACB-9 


1/4 (converging or diverging) 
1/4 (converging or diverging) 
3/8 (converging or diverging) 




(b) Rake aft of converging generator pair. 

Figure 16. - Performance of aft centerbody 
vortex-generator configurations at super- 
critical inlet conditions, as measured by 
throat exit rakes. Cowl-lip-position parameter 
of 25. 26°; bleed configuration 1. 
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Ratio of distance from centerbody to annulus height 


Vortex-generator Rake position 

configuration 

O No generators 

□ SACB-9 1/4 (converging or diverging) 

O SACB-18 1/4 (converging or diverging) 

A LACB-9 3/8 (converging or diverging) 



(a) Rake aft of diverging generator pair. 


Vortex-generator 

configuration 

O No generators 
□ SACB-9 
O SACB-18 
A LACB-9 




(b) Rake aft of converging generator pair. 


Figure 17. - Performance of aft centerbody vortex- 
generator configurations at peak recovery con- 
ditions, as measured by throat exit rakes. Cowl- 
lip-position parameter of 25.26°; bleed con- 
figuration 1. 



Figure 18. - Effect of aft centerbody vortex 
generators on inlet performance at peak 
recovery conditions. Bypass mass-flow ratio 
m by^ m 0 0-032; bleed configuration 1. 
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Ratio of distance from centerbody to annulus height 


Vortex-generator Rake position 
configuration 

O No generators - 

□ SACB-9 1/4 (converging or 
diverging) 


O SAC8-18 1/4 (converging or 



(a) Rake aft of diverging generator pair. 



(b) Rake aft of converging generator pair. 


Figure 19. - Performance of aft centerbody 
vortex-generator configurations at peak 
recovery conditions, as measured by throat 
exit rakes. Cowl-1 ip-position parameter, 

0£ of 24. 54°; bleed configuration 1. 
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(a) Peak operation; Mach number increased by 
varying cowl-lip-position parameter. 
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Mach number at normal shock location 


(b) Design cowl-lip-position parameter; Mach 
number increased by supercritical operation. 

Figure 20. - Effect of aft centerbody vortex- 
generator configurations on compressor-face 
total-pressure recovery. Bleed configura- 
tion 1. 
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Pitot total-pressure recovery, P/P Q 


(b) Bleed configuration 3. 


Figure 21. - Performance of cowl vortex gener- 
ators C-9 as measured by cowl rakes. 




Pitot total-pressure recovery, P/P Q 

(a) Supercritical inlet operation. ’ (b) Peak recovery inlet operation. 

Figure 22. - Performance of cowl and centerbody vortex -generator configurations C-9 and 
SACB-9 as measured by throat exit rakes for cowl -I ip-posit ion parameter 0^ of 25. 26° - 
bleed configuration 2. 





Ratio of distance from centerbody to annulus height 



Pitot total-pressure recovery, P/P Q 


(a) Supercritical inlet operation. (b) Peak recovery inlet 

operation. 

Figure 23. - Performance of cowl and centerbody vortex-generator configurations 
C-9 and SACB-9 as measured by throat exit rakes for cowl-lip-position parameter 
of 25. 26° - bleed configuration 3. 
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Cowl-1 ip-position parameter, deg 
(a) Peak recovery conditions. 


O No vortex generators; no 
bypass flow 

□ With generators; bypass 
mass-flow ratio, 

m by /m 0° 0 - 032 



.9 1.0 

Mass-flow ratio, 
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O No vortex generators; 
bypass mass-flow 
ratio, m^yfmQ = 0.087 

□ With vortex generators; 

bypass mass-flow 
ratio, m b y/mg = 0.032 


(b) Cowl-lip-position parameter of 25. 26°. 

Figure 24. - Effect of cowl and centerbody vortex -generator configurations C-9 and SACB-9 
on inlet performance - bleed configuration 2. 
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(a) Peak recovery conditions. 
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no bypass flow 
□ With generators; bypass 
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(b) Cowl-lip-position parameter of 25. 26°. 


O No vortex generators 
bypass mass-flow ratio, 


m b y/m 0 = 0.046 
□ With vortex generators; 


bypass mass-flow ratio, 
m b y/m 0 = 0.032 


Figure 25. - Effect of cowl and centerbody vortex -generator configurations C-9 and SACB-9 on 
inlet performance - bleed configuration 3. 


35 






Ratio of distance from centerbody 


Vortex -generator 
configuration 

O DIF 

□ LACB-9; DIF removed 



Figure 26. - Performance of centerbody vortex-generator configurations DIF and LACB-9 as measured by 
compressor-face rakes. CowMip-position parameter 0 t of 25. 26°; bleed configuration 1; bleed mass-flow 
ratio m by /m 0 of 0.032. 
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NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
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contribution to existing knowledge. 
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